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SUMMARY 

Four a i r c r a f t  and one la rge-sca le  model which represent  t h e  V/STOL 
spectrum from low-disk-loading ro toc ra f t  t o  high-disk-loading l i f t - f a n  systems 
have been s tudied i n  the  Ames Research Center's 40- by 8 0 - ~ o o t  Wind Tunnel. 
I n  general ,  t h e  a i r c r a f t  were t e s t e d  i n  the  wind tunnel  near trimmed, l e v e l -  
f l i g h t  condi t ions.  The power required,  angle of a t tack ,  and con t ro l  pos i t i ons  
f o r  t he  appropriate  f l i g h t  conditions as measured i n  t h e  wind tunnel  a r e  com- 
pared with f l i g h t - t e s t  r e s u l t s .  Agreement between wind-tunnel and f l i g h t - t e s t  
measurements was general ly  good when wind-tunnel w a l l  cor rec t ions  were omitted. 
The a i r c r a f t  and wind-tunnel geometry i s  r e l a t ed  t o  wind-tunnel model s i z ing  
parameters and a VTOL l i f t  parameter i n  order t o  e s t a b l i s h  t e n t a t i v e  s i z ing  
c r i t e r i a  f o r  V/STOL wind-tunnel t e s t i n g  w i t h  s m a l l  w a l l  e f f e c t s .  

INTRODUCTION 

For t he  advancement of t he  V/STOL s t a t e  of t he  art and t h e  development of 
u se fu l  V/STOL concepts and configurations,  it i s  e s s e n t i a l  t o  have cor rec t  
wind-tunnel t e s t  da ta .  
def ining acceptable geometric re la t ionships  between models and wind tunnels  or 
t h e  momentum re la t ionships  between the  propulsive and l i f t  forces  and t h e  wind- 
tunnel  a i r  flow necessary f o r  keeping w a l l  e f f ec t s  s m a l l  i n  wind-tunnel t es t  
da ta  f o r  t he  t r a n s i t i o n  speed range of V/STOL type a i r c r a f t .  The jet-boundary 
e f f e c t s  f o r  V/STOL wind-tunnel t e s t s  a r e  complex, and although the  t h e o r e t i c a l  
treatment of reference 1 represents  an advancement i n  determining these  
e f f ec t s ,  more accurate  methods a r e  being developed. The theory of reference 1 
has been v e r i f i e d  experimentally for hel icopter  r o t o r s  with low d isk  loadings 
( ref .  2 ) .  To determine w a l l  e f f e c t s  of V/STOL concepts with higher  d isk  load- 
ings,  a s i n g l e  model w a s  t e s t e d  i n  various s ized wind tunnels  ( r e f s .  3-5) and 
t h e  measured w a l l  cor rec t ions  were correlated with those ca lcu la ted  by the  
method of reference 1. 

Very l i t t l e  experimental information i s  ava i lab le  f o r  

I n  order t o  p r e d i c t  t h e  aerodynamic cha rac t e r i s t i c s  of V/STOL a i r c r a f t ,  
it i s  o f t en  necessary t o  compromise the  idea l  r a t i o  of model s i z e  t o  tunnel  
s i z e  required f o r  data  with s m a l l  w a l l  e f f ec t s  f o r  a number of reasons, includ- 
ing  t h e  Reynolds number of t he  model and the  propulsion system components, t he  
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requirement f o r  t e s t s  of f u l l - s c a l e  a i rp l ane  hardware i n  l a rge  wind tunnels ,  
and d i f f i c u l t i e s  involved i n  designing and construct ing of propulsion system 
hardware f o r  s m a l l  wind tunnels .  

I n  t h i s  repor t  t h e  e f f e c t  of w a l l  cons t r a in t s  are examined by co r re l a t ing  
the  aerodynamic c h a r a c t e r i s t i c s  of wind-tunnel and f l i g h t  inves t iga t ions  f o r  
four  aircraft and one la rge-sca le  model represent ing seve ra l  V/STOL concepts. 
In  an attempt t o  provide some ins igh t  i n t o  t h e  order  of magnitude of model 
s i z e  t o  wind-tunnel s i z e  r a t i o ,  t e n t a t i v e  boundaries f o r  t h ree  s i z ing  param- 
e t e r s  are  a l s o  presented, based on the  co r re l a t ion  of f l i g h t  r e s u l t s  t o  wind- 
tunnel  data.  

AL 

AM 

area of VTOL l i f t i n g  element, n ( n D ~ ~ / k ) ,  sq  f t  

momentum area  of a i r c r a f t ,  fib2/4, sq f t  

AT wind-tunnel cross  -sect ion area, sq  f t  

b wing span, f t  

bT tunnel width, f t  

DL 

hT tunnel height ,  f t  

iw wing incidence angle, deg 

diameter of l i f t i n g  element, f t  

L l i f t ,  l b  

n number of propel le rs ,  fans ,  or r o t o r s  

TF f a n  t h r u s t ,  l b  

V airspeed, knots 

Vj j e t  ve loc i ty ,  knots 

6f f lap  de f l ec t ion  angle, deg 

DESCRIPTION OF TEST AIRCRAFT 

Aircraf t  dimensions pe r t inen t  t o  the  ca l cu la t ion  of wind-tunnel w a l l  
correct ions are presented i n  t a b l e  I. 
a i r c r a f t  follow. 

Further  d e t a i l s  of t h e  ind iv idua l  
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B e l l  XV-3 

The XV-3 shown i n  f igure  1 has a 23-foot-diameter he l icopter  r o t o r  mounted 
on a m a s t  a t  each wing t i p .  
copter  with hel icopter- type controls .  
f l i g h t  speed, t he  r o t o r  m a s t s  are t i l t e d  forward u n t i l  the ro to r  axes a r e  
a l ined  with t h e  f l i g h t  path.  
reference 6. 

While hovering, t h e  a i r c r a f t  functions as a h e l i -  
I n  order t o  a t t a i n  wing-supported 

Further details of t h i s  a i r c r a f t  a re  given i n  

Ryan VZ-3 

The VZ-3 ( f i g .  2 )  uses an extensive f lap system t o  d e f l e c t  t h e  propel le r  
s l ipstream downward t o  a t t a i n  VTOL capabi l i ty .  The VTOL controls  cons is t  of 
a combination of p rope l l e r  -pi tch controls ,  wing -mounted controls  i n  the  pro  - 
p e l l e r  s l ipstream, and reac t ion  cont ro l  from t h e  t h r u s t  of t h e  turboshaft  
engine. The t r a n s i t i o n  from hover t o  conventional f l i g h t  i s  accomplished by 
decreasing t h e  f l a p  def lec t ion  (and thus the p rope l l e r  s l ipstream def lec t ion)  
t o  provide t h r u s t  f o r  acce lera t ion .  Further d e t a i l s  of t h i s  a i r c r a f t  a r e  
presented i n  reference 7.  

Chance Vought -Ryan-Hiller XC -142 

The XC-142 ( the  0.6-scale model tes ted  i n  the  wind tunnel  i s  shown i n  
f i g .  3) i s  a t i l t -w ing  a i r c r a f t  with four engines and four  propel le rs .  The 
a i r c r a f t  uses fu l l - span  f l a p s  t o  help def lec t  t h e  propel le r  s l ipstream and 
reduce t h e  wing tilt required.  
p e l l e r  controls ,  controls  mounted on t h e  wing i n  the  propel le r  sl ipstream, and 
a tail-mounted r o t o r  f o r  p i t c h  control .  
obtained by reducing wing tilt and f l a p  def lect ion.  Wind-tunnel da ta  p re -  
sented here in  are from the  O.6-scale model ( ref .  8 ) .  
caused the  t es t  a i rspeed t o  be reduced t o  about one-half of t h e  f u l l - s c a l e  
value.  

Hover controls cons is t  of var iable-pi tch pro-  

Speed f o r  wing-supported f l i g h t  i s  

Model power l imi t a t ions  

Lockheed XV-4A 

The XV-4A ( f i g .  4) i s  powered by two j e t  engines which exhaust v e r t i c a l l y  
through an e j e c t o r  i n  the  fuselage f o r  VTOL l i f t  and exhaust normally for 
cru ise  t h r u s t .  Hover, p i t ch ,  and yaw control  are supplied by the reac t ion  
from t a i l - p i p e  bleed, and roll cont ro l  f rom compressor bleed.  Blowing 
boundary-layer con t ro l  i s  used t o  increase t a i l  and e leva tor  effect iveness  
during t r a n s i t i o n .  
ing t h e  a i r c r a f t .  
reference 9. 

Acceleration t o  wing-supported f l i g h t  i s  achieved by tilt- 
Further d e t a i l s  of t h e  a i r c r a f t  a r e  presented i n  

Ryan XV-5A 

The XV-5A ( f i g .  5 )  i s  powered by two j e t  engines which dr ive two fans i n  
t h e  wing and one i n  t h e  nose f o r  VTOL l i f t .  These engines provide d i r e c t  
t h r u s t  f o r  c ru i se .  
t i o n ,  yaw con t ro l  by d i f f e r e n t i a l  operation of wing-fan ex i t  louvers, and 
p i t c h  con t ro l  by nose-fan t h r u s t  modulation. 

VTOL roll cont ro l  i s  provided by l i f t - f a n  t h r u s t  modula- 

Acceleration t o  wing-supported 
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f l i g h t  i s  provided by de f l ec t ing  t h e  main f an  flow a f t  wi th  t h e  f a n  e x i t  
louvers ,  Further d e t a i l s  of t h e  a i r c r a f t  a r e  presented i n  re ference  10. 

TESTING 

The wind-tunnel t e s t s  were a l l  performed i n  t h e  Ames 40- by 80-Foot Wind 
Tunnel with s imi la r  t es t  setups (e.g., see f i g s .  1-5) and procedures. 
t h e  f l i g h t  t e s t s  were ca r r i ed  out by various agencies which had various spe- 
c i f i c  ob jec t ives ,  I n  none of t h e  wind-tunnel o r  f l i g h t  t e s t s  w a s  t h e  prime 
objective t o  c o r r e l a t e  wind-tunnel and f l i g h t - t e s t  resul ts ;  t hus  t h e  amount of 
da ta  ava i lab le  f o r  t h i s  c o r r e l a t i o n  i s  l imi ted .  

However, 

Wind-Tunnel Testing 

Aerodynamic and s t a t i c - s t a b i l i t y  and c o n t r o l  c h a r a c t e r i s t i c s  were a l l  
explored near balanced f l i g h t  conditions.  
wing-supported f l i g h t  speed, da ta  were obtained with l i f t  equal t o  weight, 
drag equal t o  t h r u s t ,  and p i t ch ing  moment equal t o  zero. Then angle of a t tack ,  
angle of s i d e s l i p ,  power s e t t i n g ,  and t h e  various con t ro l  s e t t i n g s  were var ied  
t o  determine the  e f f e c t  of each va r i ab le  on a i r c r a f t  c h a r a c t e r i s t i c s .  This 
type of wind-tunnel t e s t i n g  i s  t h e  f a s t e s t  way of obtaining p e r t i n e n t  data on 
f l y i n g  cha rac t e r i s t i c s .  

A t  d i s c r e t e  a i r speeds ,  from 0 t o  

F l i g h t  Testing 

Unless otherwise noted, t h e  f l i g h t - t e s t  r e s u l t s  were obtained with steady- 
s t a t e  conditions f o r  approximately l e v e l  f l i g h t  or hovering and were f u r t h e r  
l imi t ed  t o  avoid deep penet ra t ion  i n t o  known problem areas .  
t h e  XV-3 and VZ-3 w a s  done a t  Ames, and an Ames r ep resen ta t ive  w a s  on hand 
during XV-5A f l i g h t  t e s t s ,  so t h e  problems of coordinating and i n t e r p r e t i n g  
da ta  were e a s i l y  solved. The con t r ac to r s  supplied t h e  appl icable  f l i g h t - t e s t  
da ta  t h a t  had been reduced f o r  t h e  XC-142 and t h e  XV-hA, which r e s u l t e d  i n  a 
smaller amount of da ta  being ava i l ab le  f o r  c o r r e l a t i o n  because t h e  major i n t e r -  
e s t s  of the cont rac tors  were not wind-tunnel and f l i g h t - t e s t  co r re l a t ions .  

F l i g h t  work wi th  

RESULTS AND DISCUSSION 

Correlation of Wind-Tunnel and Flight-Test Resul t s  

Representative aerodynamic data from wind-tunnel and f l i g h t  tes ts  f o r  t h e  
f i v e  aircraft a r e  compared i n  t h i s  section. Unless otherwise noted, none of 
t h e  wind-tunnel data a r e  corrected f o r  w a l l  e f f e c t s .  I n  most cases t h e  com- 
pa r i son  i s  made a t  s teady-s ta te  l e v e l - f l i g h t  or hovering conditions ( l i f t  
equal t o  weight, t h rus t  equal t o  d rag ) ,  
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XV-3.- Power required fo r  l e v e l  f l i g h t ,  fuselage angle,  and longi tudina l  - 
con t ro l  p o s i t i o n  f o r  trim both i n  f l i g h t  and i n  the  wind tunnel  are shown as 
funct ions of a i rspeed i n  f igure  6. Power required as a func t ion  of a i rspeed 
shows exce l len t  agreement, but  angle-of-attack and longi tudina l -cont ro l  data 
show s c a t t e r .  Since accuracy i n  s e t t i n g  longi tudina l  con t ro l  w a s  +-lo i n  t he  
wind tunnel ,  and angle of a t t ack  i s  d i f f i c u l t  t o  measure accura te ly  i n  slow- 
speed f l i g h t ,  t he  agreement between the  two s e t s  of data i s  considered good. 
Although the  a i r c r a f t  span w a s  l a rge  with respect t o  t h e  tunnel  width 
( t a b l e  I) ,  t h e  disk loading w a s  low (about 5 p s f )  so t h a t  the  wake de f l ec t ion  
angle due t o  a i rspeed w a s  l a rge  and the  adverse e f f e c t s  of model s i z e  on wind- 
tunnel  w a l l  e f f e c t s  were small. 

VZ-3,- Similar r e s u l t s  (power required,  angle of a t t ack ,  and longi tudina l  
contr-are presented i n  f igu re  7 f o r  this  def lec ted  s l ips t ream a i r c r a f t .  
Again, power required f o r  l e v e l  f l i g h t  showed exce l len t  agreement between wind 
tunnel  and f l i g h t .  A 23-percent increase i n  h o r i z o n t a l - t a i l  a rea ,  added a f t e r  
t he  wind-tunnel t e s t s ,  may have contributed t o  t h e  fuselage angle of a t t a c k  
f o r  t r i m  being about 1' grea te r  i n  f l i g h t  and t h e  nose-down e leva tor  f o r  trim 
being about 2O l e s s  i n  f l i g h t  than i n  t h e  wind tunnel .  
s m a l l  with respec t  t o  t h e  wind tunnel  and the d isk  loading was moderate 
(20 p s f )  so t h a t  wind-tunnel w a l l  e f f e c t s  were small. 

This a i r c r a f t  w a s  

The s m a l l  d iscrepancies  noted between wind-tunnel and f l i g h t - t e s t  results 
d i d  not prevent adequate assessment of t he  a i r c r a f t  performance, s t a b i l i t y ,  
and control .  

XC-142.- Wing incidence angle f o r  triwned, l e v e l  f l i g h t  i s  presented i n  
f i g u r e  8 as a funct ion of airspeed. 
wi th in  5' f o r  t h e  w i n g - t i l t  angle required fo r  30-knots a i rspeed and wi th in  
2O fo r  ??-knots a i rspeed.  

Wind-tunnel and f l i g h t - t e s t  r e s u l t s  agree 

Descent rates obtained i n  f l i g h t  and predicted from wind-tunnel data a r e  
presented i n  f igu re  9 as a funct ion of airspeed f o r  severa l  a i r c r a f t  configura- 
t i ons .  The f l i g h t - t e s t  data f a l l  i n t o  two curves, one i s  the  descent rate f o r  
b u f f e t  onset ,  and t h e  other  i s  the  maximum descent r a t e  as defined by small 
l a t e r a l - d i r e c t i o n a l  o s c i l l a t i o n s .  The descent r a t e s  f o r  b u f f e t  onset seem t o  
agree with wind-tunnel data up t o  45-knots a i rspeed a t  t h e  higher w ing- t i l t  
angles ,  A t  higher a i rspeeds and lower wing- t i l t  angles t h e  maximum descent 
r a t e s  obtained i n  f l i g h t  a r e  much g rea t e r  than those estimated from t h e  wind- 
tunnel  data. The descent rates estimated from t h e  wind-tunnel da ta  a r e  based 
on when 
angle of a t t ack  f o r  which data are avai lable .  
w a l l  e f f e c t s  a r e  responsible  f o r  t he  discrepancy because of the b e t t e r  cor re la -  
t i o n  of f l i g h t  and wimd-tunnel r e s u l t s  a t  low speed. 
t h e  d i f fe rence  i s  e i t h e r  t he  low maximum l i f t  of t he  model, or  t h e  a i r c r a f t ' s  
f l y i n g  beyond C h X  with no adverse e f f ec t s .  Model sca le  and t h e  reduct ion 
i n  t e s t  a i r speed  caused by t h e  low i n s t a l l e d  power combined t o  reduce Reynolds 
number t o  one-third of t he  f u l l - s c a l e  value f o r  a given value of thrust coe f f i -  
c ien t ;  t h i s  caused model Reynolds number t o  be i n  the  region where maximum 
l i f t  can be s i g n i f i c a n t l y  a f fec ted ,  and can thus  a f f e c t  the  co r re l a t ion .  

C h a X  w a s  f i rs t  a t t a ined ,  o r ,  i n  the cases noted, on t h e  maximum 
It i s  unl ike ly  t h a t  wind-tunnel 

A more l i k e l y  cause of 
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Based on present  knowledge, agreement i s  fa i r  f o r  trimmed level  f l i g h t  bu t  
poor f o r  allowable descent angles .  

XV-4A.- - F l i g h t - t e s t  da ta  were l imi t ed  f o r  t h i s  a i r c r a f t .  Data are a v a i l -  
ab l e  only f o r  t r a n s i t i o n s  during which t h e  a i r c r a f t  w a s  dece lera t ing .  
Figure 10 shows t h e  long i tud ina l  acce lera t ion ,  angle  of a t t ack ,  and e l eva to r  
pos i t i on  as funct ions of a i r speed  during a t r a n s i t i o n .  
and elevator  pos i t i on  f o r  t r i m  estimated from t h e  wind-tunnel da t a  t o  produce 
t h e  equivalent dece lera t ion  i n  l e v e l  f l i g h t  a r e  included on the f igu re .  
of a t t ack  genera l ly  agreed t o  wi th in  lo, b u t  e l eva to r  p o s i t i o n  d i f f e r e d  by 4' 
t o  7' (12 percent  of maximum t r a v e l ) .  
r e l a t i o n  of e leva tor  angle i s  not  c l e a r .  
tunnel  was not  the same a i r c r a f t  t h a t  suppl ied t h e  f l i g h t - t e s t  da ta ,  s o  some of 
t h e  difference could be based on d i f fe rences  i n  r igg ing  o r  e f fec t iveness  of 
h o r i z o n t a l - t a i l  boundary-layer cont ro l .  

The angle  of a t t a c k  

Angle 

The reason f o r  t h e  re la t ively poor cor -  
The a i r c r a f t  t e s t e d  i n  t h e  wind 

Both conventional wind-tunnel w a l l  cor rec t ions  and Heyson's cor rec t ions  
were applied t o  t h e  XV-4A wind-tunnel data i n  an attempt t o  improve co r re l a -  
t i o n  with f l i g h t .  
decelerat ion as i n  f igu re  10, as ca lcu la ted  from uncorrected wind-tunnel da t a  
( leve l  f l i g h t  w a s  assumed), and from wind-tunnel da ta  with conventional co r -  
rec t ions  and with Heyson's cor rec t ions  ( including t h e  e f f e c t s  of f i n i t e  span) .  
Conventional cor rec t ions  increased the  angle  -of -a t tack  discrepancy from 10 t o  
about 1.5'. 

Figure 11 shows t h e  XV-4A angle  of a t t a c k  f o r  t h e  same 

Heyson's cor rec t ions  increased the  discrepancy s l i g h t l y .  

XV-5A.- Relat ive power, angle of a t t a c k ,  f an  e x i t  louver angle ,  and longi- 
t u d i n a l  s t i c k  pos i t i on  required f o r  balanced f l i g h t  a r e  presented as funct ions 
of a i rspeed i n  f igu re  12.  
a i rspeed increased, ind ica t ing  t h a t ,  r a t h e r  than a llsuckdoWnll e f f e c t ,  l i f t  f o r  
a constant power s e t t i n g  increased with airspeed.  
reference 11, a reduct ion of l i f t  with a i r speed  would be  expected f o r  constant  
power. 
acce le ra t ions ,  t h e  agreement between wind tunnel  and f l i g h t  i s  good. 
should be noted t h a t  t h i s  a i r c r a f t  w a s  near ly  twice t h e  s i z e  of t h e  XV-4A, and 
l i f t ing-e lement  loading w a s  about the same. 
f l i g h t  and wind-tunnel t e s t s  i s  i n  long i tud ina l  s t i c k  pos i t i on ;  t h i s  d i screp-  
ancy i s  about lo, o r  3 percent  of the t o t a l  s t i c k  travel.  

The power req-uired f o r  l e v e l  f l i g h t  decreased as 

Based on t h e  r e s u l t s  i n  

Although the  f l i g h t - t e s t  da t a  show considerable s c a t t e r  due t o  s m a l l  
It 

The l a r g e s t  discrepancy between 

Subsequent t o  these  f l i g h t s ,  t h e  f a i r i n g s  a t  t h e  wing-fan hub between t h e  

F l igh t -  
r o t o r  blades were removed, changing fan performance so  t h a t  more power and 
l a r g e r  fan-exi t  louver  angles  were requi red  f o r  a given f l i g h t  speed. 
t es t  data  with t h e  revised fan  configurat ion were obtained a t  constant  a i r -  
speed and seve ra l  angles of a t t ack .  
as a function of angle of a t t a c k  i s  presented i n  f igu re  1 3  f o r  t h r e e  a i r speeds .  
Good corre la t ion  i s  evident a t  36 and 50 knots.  Agreement i s  poor a t  70 knots, 
indicat ing t h e  s t a t i c  s t a b i l i t y  i n  t h e  wind tunne l  w a s  d i f f e r e n t  from t h a t  
measured i n  f l i g h t ;  t he  discrepancy would be  f u r t h e r  increased by w a l l  correc-  
t i o n s .  
s e n s i t i v i t y  of p i tch ing  moment t o  e x i t  louver  angle a t  t h i s  a i rspeed.  Because 
t h e  f a i r i n g s  had been removed, t h e  louver  angles  i n  f l i g h t  were 1.5' t o  7' 
grea te r  than f o r  t h e  wind-tunnel r e s u l t s  shown i n  f igu re  13. 

The long i tud ina l  s t i c k  p o s i t i o n  f o r  trim 

A t  l e a s t  a p a r t  o f  t h e  f a i l u r e  t o  c o r r e l a t e  a t  70 knots i s  due t o  t h e  
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The XV-5A wind-tunnel tes ts  showed an i n s t a b i l i t y  with angle of a t t a c k  
over p a r t  of t h e  angle-of-at tack range, the  p a r t i c u l a r  angle of a t t a c k  f o r  
i n s t a b i l i t y  being a func t ion  of the  nose -fan thrust-modulator pos i t i on .  Tests 
with and without nose-fan t h r u s t  modulation indicated t h a t  t he  i n s t a b i l i t y  w a s  
caused by a reduct ion of t a i l  e f fec t iveness  due t o  t h e  flow from t h e  nose fan  
with t h e  t h r u s t  modulated t o  give a la rge  nose-down con t ro l  moment. I n  t h e  
f l i g h t  t e s t s ,  a i r c r a f t  angle of a t t ack  w a s  increased u n t i l  t h e  t a i l  angle-of- 
a t t a c k  ind ica to r  r eg i s t e red  turbulen t  flow; the t e s t  w a s  then terminated. ?"ne 
consequent f l i g h t - t e s t  angle-of-at tack boundary and the  wind-tunnel angle of 
a t t a c k  for i n s t a b i l i t y  a r e  presented i n  f igure  14 .  
nature  of t h e  f l i g h t - t e s t  data ,  agreement i s  good, and it appears t h a t  flow 
conditions a t  the  t a i l  were adequately simulated i n  the  wind tunnel .  

Considering t h e  q u a l i t a t i v e  

The e f f e c t  of wind-tunnel w a l l  corrections on the  XV-5A wind-tunnel and 
f l i g h t  co r re l a t ion  i s  shown i n  f igu re  15 .  The e f f e c t  of both f i n i t e  span and 
side-by-side l i f t i n g  elements were included f o r  Heyson's cor rec t ions .  In  t h i s  
case conventional w a l l  cor rec t ions  were nearly as la rge  as Heyson's cor rec-  
t i ons ,  bu t  they did not improve the  cor re la t ion ;  however, t h e  e f f e c t  on e x i t  
louver angle required f o r  trimmed f l i g h t  w a s  small. The most s i g n i f i c a n t  
e f f e c t  w a s  on power required; wal l -e f fec t  correct ions amounted t o  a 10-percent 
increase over t h a t  measured i n  f l i g h t .  

Summary of t e s t  r e s u l t s . -  The cor re la t ion  between f l i g h t - t e s t  and wind- 
tunnel  r e s u l t s  f o r  these  f i v e  a i r c r a f t  demonstrates t he  accuracy achieved i n  
V/STOL wind-tunnel t e s t i n g  with a i r c ra f t - tunne l  s i z e  r a t i o s  approaching those 
used f o r  wind-tunnel t e s t s  of conventional a i r c r a f t .  Correlat ion with uncor- 
rec ted  wind-tunnel da ta  was  good, with the  exception of the  XC-142 model. It 
w a s  a l s o  shown t h a t  f o r  t he  two cases examined, applying wind-tunnel w a l l  cor -  
r ec t ions  ca lcu la ted  by t h e  ava i l ab le  methods degraded t h e  co r re l a t ion ,  i nd ica t -  
ing a need f o r  more t h e o r e t i c a l  work on wind-tunnel w a l l  cor rec t ions  f o r  
a i r c r a f t  with loca l ized ,  high-disk-loading l i f t i n g  elements. For the  majori ty  
of co r re l a t ions  of wind tunnel  with f l i g h t ,  the conditions considered were f o r  
l i f t  equal  t o  weight, and t h r u s t  equal t o  drag. Wall e f f e c t s  were smaller f o r  
these  f l i g h t  conditions than when a i r c r a f t  drag w a s  unbalanced, because the  
l i f t ing-e lement  wake i s  def lec ted  downstream. 

Wall -Ef f e c t  Parameters 

Present  t e s t  r e s u l t s . -  The preceding sect ion examined the  accuracy of 
uncorrected wind-tunnel da ta  for seve ra l  aircraft of widely d i f f e r i n g  charac- 
t e r i s t i c s  and s i z e s  with respect  t o  t h e  wind tunnel .  
parameters f o r  t h e  a i r c r a f t  t h a t  demonstrated acceptable co r re l a t ion  can be 
r e l a t e d  t o  aerodynamic parameters i n  order t o  i nd ica t e  acceptable V/STOL model 
s i z i n g .  According t o  reference 3, t he  per t inent  model-tunnel s i z ing  param- 
eters a r e  t h e  r a t i o  of the  a rea  of t he  VTOL l i f t  generators t o  wind-tunnel 
c ros s - sec t iona l  area, AL/AT, f o r  VTOL concepts where the  majori ty  of t he  l i f t  
i s  suppl ied by the  l i f t i n g  elements, and the r a t i o  of momentum a rea  t o  tunnel  
c ross  - sec t iona l  a rea ,  %/AT, f o r  concepts where t h e  l i f t  i s  d i s t r i b u t e d  across  
t h e  wing span. Study of reference 1 a l s o  shows t h a t  l i f t ing-e lement  wake- 
de f l ec t ion  angle ,  which is  a funct ion of disk loading a t  a given airspeed 
(wake de f l ec t ion  angle = f ( V / V j )  = f(V/fiF)), i s  another important parameter. 

Model-tunnel s i z i n g  
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common b a s i s  f o r  comparison. 
area r a t i o s  are p l o t t e d  versus d isk  loading i n  f i g u r e  16 f o r  t h e  f ive  t e s t  
a i r c ra f t . '  Both suggested area r a t i o s  are included f o r  a l l  f ive a i r c r a f t ,  
The XV-3 and XV-5A represent  extremes of t h e  r a t i o  of model s ize  t o  wind- 
tunnel  s i z e  that have s m a l l  w a l l  effects.  Narrow shaded areas have been drawn 
connecting their  da ta  p o i n t s  t o  ind ica t e  a poss ib le  s i z e - r a t i o  boundary f o r  
small w a l l  e f f e c t s .  Rat ios  of model t o  wind-tunnel s i z e  t h a t  f a l l  below these  
areas indica te  acceptable model s iz ing.  

r e l a t ion ,  and it may be t h a t  t h i s  model i s  t o o  l a rge  f o r  the wind tunnel .  
wind-tunnel and f l i g h t  co r re l a t ion  w a s  acceptable  f o r  t h e  VZ-3 and XV-4A, and 
the  data p o i n t s  f o r  these  a i r c r a f t  f a l l  below t h e  shaded area. The t e n t a t i v e  
nature  of t h e  loca t ion  and shape of the shaded areas on f i g u r e  16 should be 
emphasized. 

Accordingly, bo th  l i f t ing-e lement  and momentum 

The p o i n t  f o r  the XC-142, which 
I appears above t h e  shaded area, leaves unresolved quest ions concerning the cor- 

The 

The narrow shaded areas shown i n  figure 16 connect p o i n t s  f o r  two air-  
c r a f t  t es ted  i n  t h e  wind tunnel  a t  d i f f e r e n t  minimum speeds; t he  a i r c r a f t  wi th  
the  lower d isk  loadings showed good agreement t o  speeds as low as 20 knots; 
whereas f o r  those w i t h  higher d i sk  loadings it w a s  d i f f i c u l t  t o  g e t  re l iab le  
data below 30 knots  because blockage and r e c i r c u l a t i o n  made it d i f f i c u l t  t o  
achieve steady t e s t  conditions.  Addit ional  data may show that separate  20- 
and 30-knot boundaries should be drawn on t h e  f i g u r e ,  r a t h e r  t han  the s ing le  
boundary f o r  t h e  two a i r speeds ,  The boundaries drawn on f igu re  16 probably 
approximate a p r a c t i c a l  t e s t  boundary because t h e  need f o r  wind-tunnel data 
between 0 and 30 knots depends on d isk  loading; aircraft  with low d isk  load- 
ings w i l l  f l y  a l a r g e r  percentage of the time at  low speeds and w i l l  be more 
sens i t ive  t o  gus t s  or  small maneuver v e l o c i t i e s  than a i r c r a f t  w i t h  h igher  d isk  
loadings a t  the lower forward speeds. 

Comparison of boundaries wi th  other  resu l t s , -  Small-scale r e s u l t s ,  from 
t e s t i n g  t h e  same model i n  d i f f e r e n t  wind-tunnel t e s t  sec t ions  (refs.  2 and 5 ) ,  
were analyzed i n  an  attempt t o  document further the boundaries i n  f i g u r e  16. 
For a l l m o d e l s ,  t h e  r a t i o  of model t o  tunne l  s i z e  i n  the smallest tes t  sec t ion  
approached conventional values, and tes t  condi t ions were near the shaded 
boundary areas of f igu re  16. Discrepancies i n  l i f t  of 6 percent  or less  (when 
evaluated w i t h  thrust  equal  t o  drag), caused by d i f f e r i n g  t e s t - s e c t i o n  s i ze ,  
a r e  considered t o  be small w a l l  e f f e c t s  and of t he  same order as t h e  accuracy 
of t h e  d a t a  i n  t h e  preceding wind-tunnel f l i g h t - t e s t  cor re la t ion .  The uncor- 
r ec t ed  t i l t - w i n g  da ta  from t h e  7- by 10-foot wind tunne l  ( ref .  5)  were w e l l  
wi th in  the 6-percent margin f o r  balanced f l i g h t  a t  low speed. Uncorrected 
l i f t  data from a he l icopter  r o t o r  i n  l a r g e  and s m a l l  t e s t  sec t ions  ( re f .  2) 
a l s o  agreed wi th in  6 percent  f o r  balanced f l i g h t  a t  low speed, Reference 5 
did not present  balanced f l i g h t  d a t a  f o r  the l i f t - f a n  configurat ions,  so it 
w a s  necessary t o  use data t h a t  correspond t o  l a rge  a i r c r a f t  dece lera t ions .  
Unlike the other  two models, t h e  two l i f t - f a n  configurat ions i n  the  smallest 

%her common parameters,  such as t h e  r a t i o  of d i sk  loading t o  dynamic 
pressure,  ve loc i ty  r a t i o  V/Vj,  o r  w a k e  de f l ec t ion  angle ,  were considered but 
were not used because of t h e  assumptions required f o r  t h e i r  ca lcu la t ion .  Fur- 
thermore, these  parameters obscure t h e  wide range of d i sk  loading represented 
by t h e  composite data from the seve ra l  a i r c r a f t .  
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t e s t  sec t ions  showed s i zab le  lift e r r o r s .  
t he  fan-in-fuselage and fan-in-wing lift er rors  i n  t h e  various wind-tunnel 
t e s t  sec t ions  as funct ions of r a t i o  of model t o  wind-tunnel s i z e  i n  order t o  
determine the  a rea  r a t i o  f o r  a 6-percent l i f t  discrepancy. 
duced a f u r t h e r  uncer ta in ty  because t h e  wind tunnels  had d i f f e r e n t  width-to- 
height  r a t i o s .  
four  models a r e  compared with t h e  wind-tunnel f l i g h t - t e s t  co r re l a t ion  bound- 
aries on f igu re  17. The two model t e s t s  with t h e  lower d i sk  loadings ind ica te  
no c o n f l i c t  between t h e  f u l l - s c a l e  r e s u l t s  ( the  shaded areas on f i g .  17) and 
t h e  model tests; however, f o r  t he  models with t h e  higher d i sk  loadings a 
decided discrepancy i s  evident .  
balance model drag, so t h a t  t he  wake def lect ion angle w a s  l e s s  f o r  these 
models than f o r  t he  similar aircraft. If Heyson's cor rec t ions  are taken as an  
ind ica t ion  of the  importance of wake def lec t ion  angle,  balancing the  drag can 
reduce t h e  ca lcu la ted  w a l l  correct ions t o  as  l i t t l e  as 50 percent  of t he  
values with t h e  drag unbalanced. A change in  t h i s  d i r ec t ion  would tend t o  
reduce the  discrepancy between t h e  small-scale r e s u l t s  with high disk loading 
and the  co r re l a t ion  of wind-tunnel and f l i g h t - t e s t  da ta .  Another poss ib le  
cause of t he  discrepancy i s  the  l a rge  span r e l a t i v e  t o  wind-tunnel width; t h i s  
subjec t  is  discussed i n  t h e  next sec t ion .  

It w a s  thus  necessary t o  p l o t  both 

This method i n t r o -  

The appropriate  r a t i o s  of model t o  wind-tunnel s i z e  f o r  these  

A t  l e a s t  a p a r t i a l  explanation is  f a i l u r e  t o  

Although some of the  r e s u l t s  presented i n  reference 5 disagree with t h e  
r e s u l t s  presented here f o r  model-tunnel s iz ing parameters, adequate reasons 
f o r  t he  disagreement e x i s t .  
repor t  (i. e .  , r e a l i s t i c  f l i g h t  conditions and allowable e r r o r s  no l a r g e r  than 
data-measurement e r r o r s ) ,  t h e  r a t i o s  of model t o  wind-tunnel s i ze ,  as ind i -  
cated by the  boundary l i n e s  on f igure  16, which are l a r g e r  than previously con- 
s idered  usable,  should give acceptable wind-tunnel r e s u l t s  f o r  V/STOL model 
t e s t i n g .  

For the  conditions considered i n  the  present  

Test-sect ion geometry.- The cor re la t ion  of wind-tunnel and f l i g h t - t e s t  
r e s u l t s  is  based on t e s t s  i n  a wind tunnel  with a 2- to-1 width-height r a t i o ,  
which i s  l a r g e r  than t h a t  i n  any of t h e  small-scale t e s t s .  
geometric parameter has a d i r e c t  bearing on span-to-tunnel width r a t i o s ,  which 
is an important parameter i n  conventional wind-tunnel w a l l  cor rec t ions  and may 
a l s o  be important f o r  V/STOL model t e s t i n g .  
ure  18 as a funct ion of d i sk  loading f o r  the a i r c r a f t  i n  t he  co r re l a t ion  of 
wind-tunnel and f l i g h t - t e s t  da ta  ( s o l i d  symbols) and f o r  the  models i n  r e f e r -  
ences 2 and 5 i n s t a l l e d  i n  t h e i r  smallest  t e s t  s ec t ion  (open symbols). The 
a i r c r a f t  and models that indicated in s ign i f i can t  cor rec t ions  have conventional 
r a t i o s  of span t o  wind-tunnel width a t  low disk loadings and r e l a t i v e l y  s m a l l  
span-to-width r a t i o s  a t  high d isk  loadings.  
models t h a t  ind ica ted  l a rge  wind-tunnel w a l l  cor rec t ions  had l a rge r  span-to- 
width r a t i o s  than the' comparable a i r c r a f t .  
boundary a rea  i n  addi t ion  t o  those i n  f igure 16, ind ica t ing  acceptable r a t i o s  
of s p a n - t e t u n n e l  width, may be appropriate t o  spec i fy  the  e f f e c t s  of t e s t -  
s ec t ion  geometry when s i z ing  a V/STOL model. 
where t h e  propuls ive system span extends considerably beyond the  span of t he  
wing, as on compound he l icopters  or tilt ro tor  a i r c r a f t  or where the  propul- 
s i v e  system extends only over a s m a l l  p a r t  of t he  wing span, as on fan-in-  
wing systems, t he  l i f t i n g  element span may be a f a c t o r  along with wing span 
f o r  determining the  magnitude of w a l l  e f f ec t s  or model s i z e .  

This t e s t - sec t ion  

This r a t i o  i s  presented i n  f i g -  

The two small-scale l i f t - f a n  

These r e s u l t s  suggest t h a t  another 

For c e r t a i n  V/STOL concepts 

The e f f e c t s  
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of wind-tunnel cross-sect ion geometry on w a l l  e f f e c t s  should be s tudied  
experimentally s ince they may s i g n i f i c a n t l y  inf luence V/STOL wind-tunnel data. 

CONCLUDING REMARKS 

In  order t o  obtain s a t i s f a c t o r y  da ta  from V/STOL wind-tunnel t e s t i n g  i n  
t h e  low-speed f l i g h t  range, it i s  necessary t o  resolve the  c o n f l i c t  i n  model 
s i z i n g  caused by t h e  need t o  minimize both w a l l  e f f e c t s  and sca l e  e f f e c t s .  In  
reference 5, s ca l e  e f f e c t s  were shown t o  be l a r g e r  than the  e f f e c t  of Heyson's 
correct ions i n  some cases ,  bu t  i n  o ther  cases ( t h e  XV-&A, 0.18 sca l e ,  
A L / A ~  = 0.01) were shown t o  be negl ig ib le .  Thus c a r e f u l  planning of tes t  pro-  
grams i s  required i n  order t o  minimize t h e  p o s s i b i l i t y  of obtaining erroneous 
or misleading t e s t  data. 

The r e s u l t s  of co r re l a t ing  the  aerodynamic da ta  obtained i n  wind-tunnel 
and f l i g h t  inves t iga t ions  of s eve ra l  V/STOL concepts have given an ind ica t ion  
of gross t e n t a t i v e  boundaries t h a t  should be observed f o r  th ree  s i z i n g  param- 
e t e r s  of model geometry t o  wind-tunnel geometry. 
these  boundaries a r e  opt imis t ic  i n  model s i z e  i n  o ther  width-to-height r a t i o  
wind-tunnels o r  apply only t o  t h e  spec i f i c  type of a i r c r a f t  considered i n  the  
cor re la t ion .  Observation of t h e  indicated boundaries should y i e l d  data of 
reasonable accuracy and prove t o  be usefu l  f o r  p red ic t ing  aerodynamic char-  
a c t e r i s t i c s  and t rends  r e l a t e d  t o  changes i n  configurat ion.  However, t h e  data 
may be lacking i n  absolute  prec is ion  with regard t o  angle of a t t a c k  and 
e f f e c t s  of d i s to r t ion ,  p a r t i c u l a r l y  a t  v e l o c i t i e s  below 20 t o  30 knots,  depend- 
ing on the d i sk  loading of the  propulsive system. For t e s t i n g  a t  lower a i r -  
speeds o r  at higher d isk  loadings than considered herein,  smaller r a t i o s  of 
model t o  wind-tunnel s i z e  w i l l  be necessary; whereas f o r  STOL t e s t i n g  l a r g e r  
values o f  the  s i z ing  r a t i o s  should be acceptable .  The models should be  as 
l a rge  as permissible  because Reynolds number e f f e c t s  can be c r i t i c a l  f o r  
i n l e t s ,  h i g h - l i f t  devices, and t h e  c h a r a c t e r i s t i c s  of propel le rs ,  fans ,  and 
compressors. 
fu l l - s ca l e  c h a r a c t e r i s t i c s  t o  match secondary flow e f f e c t s ,  and d i sk  loading 
should approximate f u l l - s c a l e  d isk  loading i n  order t o  obtain adequate da ta  
over the airspeed range of i n t e r e s t  and provide an acceptable Reynolds number 
when matching f u l l - s c a l e  t h r u s t  coe f f i c i en t s .  For a given wing loading, con- 
d i t i o n s  c lose ly  corresponding t o  r e a l i s t i c  f l i g h t  values of acce lera t ion  and 
decelerat ion reduce wind-tunnel w a l l  e f f e c t s  and enable use of l a r g e r  models 
i n  wind tunnels .  Instrumentation s u f f i c i e n t  f o r  determining t h e  performance 
of t h e  various model components, including t h e  l i f t i n g  elements, i s  use fu l  i n  
detect ing substandard performance of the  components due t o  low Reynolds number 
or f a i l u r e  t o  r e a l i s t i c a l l y  simulate t h e  a i r c r a f t  or l i f t ing-e lement  d i sk  
loading. 

Experience may ind ica t e  t h a t  

The flow d i s t r i b u t i o n  of t he  l i f t i n g  elements should approximate 
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TABLF: I.- AIRCRAFT GEOMETRY WITH RESPECT TO THE WIND TTJNHEL 

vz- 3 
XC-142 

XV- 4A 

7 Aircraf t  

Vectored 
s l i p  stream 

T i l t  wing 

Jet  e j ec to r  

3 - 3  I T i l t  r o to r  

XV- 5A L i f t  f a n  

AL - 
AT 

0.291 

.046 

095 

.0077 

.a49 

I I 

Applicable 
f igu res  

1, 6 

275 5 Y  12, 13, 14, 15 

*Full-scale d isk  loading only; model disk loading w a s  15 l b / sq  f t .  



A-23164 

Figure 1.- The Bell XV-3 mounted in the Ames 40- by 80-~oot Wind Tunnel 
(aircraft wind-tunnel geometry in table I). 

A-23991 

Figure 2.- The Ryan VZ-3 mounted in the Arnes 40- by 80-~oot Wind Tunnel 
(aircraft wind-tunnel geometry in table I). 
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Figure 3.- The LTV XC-142 model mounted in the Ames 40- by 80-~oot Wind Tunnel 
(model wind-tunnel geometry in table I). 

Figure 4.- The Lockheed XV-4A mounted in the Ames 40- by 80-~oot Wind Tunnel 
(aircraft wind-tunnel geometry in table I). 
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A-35394-11 

Figure 5.- The Ryan XV-3A mounted in the Ames 40- by 80-~oot Wind Tunnel 
(aircraft wind-tunnel geometry in table I). 
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Figure 6.- Balanced, level-flight characteristics of the XV-3 convertiplane as 
measured in the wind tunnel and in flight. 
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Figure 7.- Balanced, l e v e l - f l i g h t  c h a r a c t e r i s t i c s  of t he  VZ-3  a i r c r a f t  as 
measured i n  the  wind tunnel  and i n  f l i g h t .  
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Figure 8.- Wing-ti l t  angle for balanced, l e v e l  f l i g h t  of t he  XC-142.  
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Figure 9.- Descent boundaries for the XC-142. 
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Figure 10. - Characteristics of the XV-kA. 
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Figure 11.- The effect of wind-tunnel wall corrections on the correlation 
between wind-tunnel and flight-test results for the W-4A. 
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Figure 12.- Balanced, level flight characteristics of the 
in the wind tunnel and in flight. 
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Figure 1.3.- The v a r i a t i o n  with angle of a t tack  of l ong i tud ina l  s t i c k  p o s i t i o n  
f o r  t r i m  f o r  t h e  XV-5A a i r c r a f t  i n  f l i g h t  and i n  t h e  wind tunnel.  
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Figure 1.5.- Ff fec t  of wind-tunnel w a l l  correct ions on co r re l a t ion  between 
wind-tunnel and f l i g h t - t e s t  r e s u l t s  f o r  t he  XV-5A a i r c r a f t .  
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Figure 17.- The variation of the ratio of small-scale model to wind-tunnel 
size with disk loading. 
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